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ABSTRACT
Discs of gas and dust surrounding young stars are the birthplace of planets. However, the direct
detection of protoplanets forming within discs has proved elusive to date. We present the detection of a
large, localized deviation from Keplerian velocity in the protoplanetary disc surrounding the young star
HD 163296. The observed velocity pattern is consistent with the dynamical effect of a two-Jupiter-mass
planet orbiting at a radius ≈ 260 au from the star.
Keywords: stars: individual (HD 163296) — protoplanetary discs — planet-disc interaction — sub-
millimeter: planetary systems — hydrodynamics — radiative transfer
1. INTRODUCTION
Direct observations of forming planets in protoplan-
etary discs is the ultimate goal of disc studies. The
disc usually outshines the planet, requiring observations
at high contrast and angular resolution. Detections
by direct imaging have been reported in several discs:
HD 100546 (Quanz et al. 2013a; Brittain et al. 2014;
Quanz et al. 2015; Currie et al. 2015), LkCa 15 (Kraus
& Ireland 2012; Sallum et al. 2015), HD 169142 (Quanz
et al. 2013b; Biller et al. 2014; Reggiani et al. 2014),
and MWC 758 (Reggiani et al. 2018). Yet, most of the
detections to date have been subsequently challenged
(e.g., Thalmann et al. 2015, 2016; Rameau et al. 2017;
Ligi et al. 2018). The quest continues.
An alternative approach is to search for indirect signa-
tures imprinted by planets on their host disc. The Ata-
cama Large Millimetre Array (ALMA), and adaptive op-
tics systems have revealed a variety of structures: gaps
and rings (ALMA Partnership et al. 2015; Andrews et al.
2016; Isella et al. 2016), spirals (e.g. Benisty et al. 2015;
Stolker et al. 2016), that could be signposts of planets,
but numerous other explanations also exist that do not
require planets (e.g. Takahashi & Inutsuka 2014; Flock
et al. 2015; Gonzalez et al. 2015; Lore´n-Aguilar & Bate
christophe.pinte@monash.edu
2015; Zhang et al. 2015; Be´thune et al. 2016). Embedded
planets in circumstellar discs will launch spiral waves at
Lindblad resonances both inside and outside of their or-
bit (e.g. Ogilvie & Lubow 2002), disturbing the local
Keplerian velocity pattern. Hydrodynamic simulations
show that the impact on the velocity pattern should be
detectable by high spectral resolution ALMA line obser-
vations (Perez et al. 2015). Deviations from Keplerian
rotation have been detected around circumbinary discs,
with streamers at near free-fall velocities (Casassus et al.
2015; Price et al. 2018) and radial flows or warps (Walsh
et al. 2017).
HD 163296 is a ∼4.4Myr old Herbig Ae star located
at a distance of 101.5± 1.2 pc from the Sun (Gaia Col-
laboration et al. 2018). We rescaled all relevant quanti-
ties from previous papers based on the new Gaia dis-
tance. HD 163296 has a mass of 1.9 M (e.g. Fla-
herty et al. 2015), a luminosity of 25 L (Natta et al.
2004), and an A1Ve spectral type, with effective tem-
perature 9300 K. Observations with the Hubble Space
Telescope (HST) revealed a disc in scattered light that
extends as far out as 375 au (Grady et al. 2000). In-
terestingly, Grady et al. (2000) inferred the presence of
a giant planet at ≈ 270 au based on the gap observed
in scattered light at that radius. de Gregorio-Monsalvo
et al. (2013) presented ALMA data and showed that the
gaseous component of the disc extends to distances of
ar
X
iv
:1
80
5.
10
29
3v
1 
 [a
str
o-
ph
.SR
]  
25
 M
ay
 20
18
2−4 −2  0  2  4
−4 −2  0  2  4
−4
−2
 0
 2
 4
v=0.85 vKep
v=1.15 vKep
dv=1.0km/s
 0  2  4
 0
 2
 4
1.00km/s
5 15 25 35 45 55 65
−1.00km/s
Δ Ra ["]
Δ
 
D
e c
 [ " ]
Δ Ra ["]
CO J=2−1
−4
−2
 0
 2
 4
870µm
Δ
 
D
e c
 [ " ]
5 15 25 35Tb [K]
Figure 1. Kinematic asymmetry in HD 163296. Band 6 continuum emission (top left) and channel map of 12CO line emission
at +1km s−1 from the systemic velocity (top right, with a close-up shown in bottom right) shows a distinct ‘kink’ in the emission
(highlighted by the dotted circle). Comparison with the continuum emission (top left) locates this outside of the outermost
dust ring. The corresponding emission on the opposite side of the disc (bottom left; showing −1km s−1 channel) shows no
corresponding feature, indicating the disturbance to the flow is localised in both radius and azimuth. The channel width is
∆v = 0.1 km s−1. The white contour shows the 5-σ (σ = 0.1 mJy beam−1) level of the continuum map. The dashed line is
the expected location of the isovelocity curve on the upper surface of a disc with an opening angle of 15◦ and an inclination of
45◦. Dotted lines in the bottom-right figure indicate 15% deviations (≈ 0.4 km s−1) from Keplerian flow around the star. The
potential planet location is marked by a cyan dot, assuming it is located in the midplane.
3at least Rout−CO =415 au in CO while the continuum is
detected only to Rout−Dust =200 au. Higher resolution
ALMA imaging revealed a bright inner disc component
within the inner 0.′′5, and a spectacular series of three
rings at ≈ 65 au, 100 au, with a fainter ring at 160 au
(Isella et al. 2016).
In this Letter, we present the detection of a local devi-
ation from the Keplerian velocity pattern found in high
spectral resolution ALMA imaging. By comparing with
models we find this to be consistent with the presence
of a few-Jupiter mass protoplanet in the disc.
2. OBSERVATIONS AND DATA REDUCTION
We use archival ALMA data. Observations were per-
formed on 2012 June 9, 11, 22, and July 6 at Band
7 (2011.0.000010.SV), and on 2015 August 5, 8, and 9
at Band 6 (2013.1.00601.S). A complete description of
the data was presented in de Gregorio-Monsalvo et al.
(2013) and Isella et al. (2016). For the Band 7 data,
we re-used the maps produced by de Gregorio-Monsalvo
et al. (2013), with a 0.52′′×0.38′′ beam at PA=82◦, and
a channel width of 0.11 km s−1.
We used casa scripts provided by ALMA to calibrate
the Band 6 data. As the data from the night of Au-
gust 9 showed significantly higher noise and flux lev-
els, we selected only the data from the August 5 and 8
for the analysis. We performed three successive rounds
of phase self-calibration, the last with solutions calcu-
lated for each individual integration (6s), followed by
a phase and amplitude self-calibration. The continuum
self-calibration solutions were applied to the CO lines.
Imaging was performed at 0.1 km s−1 resolution, using
Briggs weighting with a robust parameter of -0.5 to ob-
tain a synthesized beam of 0.28′′ × 0.18′′ at PA=-88◦.
We did not subtract the continuum emission in order
to avoid underestimating the gas temperature and af-
fecting the apparent morphology of the emission (e.g.
Weaver et al. 2018). At the location of the detected ve-
locity deviation, continuum emission is negligible, and
an analysis on continuum-subtracted data would lead to
the same results.
3. RESULTS AND ANALYSIS
The disc shows the typical butterfly pattern of discs
in Keplerian rotation (de Gregorio-Monsalvo et al. 2013;
Rosenfeld et al. 2013). In a given channel, the emission
is concentrated along an isovelocity curve, correspond-
ing to the region of the disc where the projected velocity
is equal to the channel velocity. The emission from the
upper and lower surfaces — above and below the mid-
plane as seen by the observer — and from the near and
far sides of these surfaces, is well separated (Fig. 1, and
schematic view in Fig. 3).
In a recent paper (Pinte et al. 2018) we showed how to
reconstruct the position and velocity of each of the CO
layers, for discs at intermediate inclination, by simple ge-
ometrical arguments based on the emission in each chan-
nel map. HD 163296 displays a similar scale height and
velocity profile to the T Tauri star IM Lupi (Pinte et al.
2018), with a flared CO emitting surface and decreasing
velocities and temperature with radius (C. Pinte et al.,
in prep.).
Significantly, HD 163296 shows an asymmetry be-
tween the southeast and northwest sides of the disc at
a cylindrical radius of ≈ 260 au, outside of the third
dust ring seen in continuum emission. This asymme-
try is most evident in channels at a projected velocity
of ≈ 6.8 ± 0.2 km s−1 (≈ 1 km s−1 from the systemic
velocity). Fig. 1 shows the corresponding individual ve-
locity channels. The emission feature — highlighted by
the dotted circle — corresponds to a kink in the upper-
surface isovelocity curve northwest of the central object
at velocities close to dv = +1 km s−1. The symmetric
channel (dv = −1 km s−1,) shows a smooth Keplerian
profile to the southeast. We detect a similar deforma-
tion of the isovelocity curves at the same location in
both 12CO J = 2 − 1 and 3 − 2 transitions (Fig. 2).
While it is not as obvious in the Band 7 Early-Science
data due to the limited spatial resolution, the deforma-
tion of the isovelocity curve is present and could already
be seen, with the benefit of hindsight from our Band
6 detection, in de Gregorio-Monsalvo et al. (2013) and
Rosenfeld et al. (2013, their Fig. 3 and 2, respectively).
The asymmetry is not detectable in the less abundant
isotologues 13CO and C18O, where the emission is more
diffuse and fainter because of the lower optical depth.
The deformation of the emission is localised to an area
approximately 0.5′′ in size (indicated by the dotted circle
in Figures 1 and 2) and to channel maps at velocities be-
tween 0.8 and 1.2 km s−1 from the systemic velocity (top
row of Fig. 2). This argues for a localised perturbation
and excludes an origin from any large-scale structure in
the disc.
4. MODELS AND DISCUSSION
The detected asymmetry matches our expectations for
a local deviation from Keplerian velocity caused by a
massive body embedded in the disc. A local deviation
of ≈ 0.4 km s−1 is enough to reproduce the observed spa-
tial shift (Fig. 1, bottom-right panel). The dotted lines
shown in the bottom-right panel delineate what would
be ≈ 15% deviations in the local velocity field, which is
the approximate extent of the deviation from Keplerian
rotation. Most significantly, the shape of the deviation
in the emission maps is similar to the prediction by Perez
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Figure 2. Channel maps around the detected deviation from Keplerian velocity. The ‘kink’ is most visible in channels at
velocities between 0.8 and 1.2 km/s (top row) and is also seen in the J=3–2 transition in similar velocity channels (bottom row)
indicating it is localised in both space and velocity.
Figure 3. Geometry of the inclined and flared disc, show-
ing a schematic of the expected emission from two infinitely
thin emitting surfaces. Green shows the emission from the
lower surface of the disc, and red shows the upper surface.
We added a 10% deviation in azimuthal velocity north of the
star, which appears as a ‘kink’ in the line emission. Emission
is only seen when the projected velocity matches the chan-
nel velocity, producing the characteristic ‘butterfly’ shape.
Emission is preferentially seen on the upper surface of the
disc due to the higher inclination with respect to the line of
sight.
et al. (2015) for the kinematic signatures of an embed-
ded planet, where the wake of the spiral generated by
the planet was shown to produce a kink in the emission
due to the deviation from the Keplerian rotation around
the central star.
The basic feature of the channel maps can be ex-
plained with a simple model assuming emission from two
infinitely thin emitting surfaces. Figure 3 shows the ex-
pected emission arising from such a model, showing the
butterfly signature from the disc. Asymmetries of the
velocity field, added in an ad hoc manner in the model
for illustrative purposes, are evident as small bumps on
the line emissions.
To go beyond this simple model and infer the mass
of the putative planet, we performed a series of 3D
global simulations using the phantom Smoothed Par-
ticle Hydrodynamics (SPH) code (Price et al. 2017).
We adopted the gas disc parameters from de Gregorio-
Monsalvo et al. (2013). We employed gas-only simula-
tions, ignoring the effect of dust, using 1 million SPH
particles and a central mass of 1.9 M. The inner ra-
dius of the disc in our model was set to 50 au (mainly to
speed up the calculations as the inner disc is irrelevant
for our present purpose), with an initial outer radius set
to 500 au. We set the gas mass between those radii to
10−2 M, and use an exponentially tapered power-law
surface density profile with a critical radius of 100 au,
power-law index of p = −1.0, and an exponent γ = 0.8.
The disc aspect ratio was set to 0.08 at 50 au, with a
vertically isothermal profile. We set the artificial viscos-
ity in the code in order to obtain an average Shakura &
Sunyaev (1973) viscosity of 10−3 (Lodato & Price 2010),
in agreement with the upper limits found by Flaherty
et al. (2015, 2017).
We embedded a single planet in the disc orbiting at
260 au with a mass of either 1, 2, 3, or 5 MJup. We used
sink particles (Bate et al. 1995) to represent the star
and planet. We set the accretion radius of the planet
to half of the Hill radius (7.05, 8.85, 10.15 and 12 au,
respectively), with an accretion radius of 10 au for the
5central star. The model surface density is plotted in
Fig. 4 for the 2 Mjup planet. We evolved the models
for 35 orbits of the planet (≈ 100, 000 years), which is
sufficient to establish the flow pattern around the planet.
To compute the temperature and synthetic line maps,
we used the mcfost Monte Carlo radiative transfer code
(Pinte et al. 2006, 2009), assuming Tgas = Tdust, and
local thermodynamic equilibrium as we are looking at
low-J CO lines. The central star was represented by a
sphere of radius 2.1 R, radiating isotropically with a
Kurucz spectrum at 9,250 K. We used a Voronoi tesse-
lation where each cell corresponds to an SPH particle,
avoiding the need to interpolate between the SPH and
radiative transfer codes. We set the CO abundance fol-
lowing the prescription in Appendix B of Pinte et al.
(2018) to account for freeze-out where T < 20 K, as
well as photo-dissociation and photo-desorption in lo-
cations where the UV radiation is high. We adopted a
turbulent velocity of 50 m s−1, consistent with the up-
per limits found by Flaherty et al. (2015) and Flaherty
et al. (2017). We assumed a population of astrosilicate
(Draine 2003) grains with sizes ranging from 0.03 to
1000µm and following a power-law dn(a) ∝ a−3.5da, a
gas-to-dust ratio of 100, and computed the dust optical
properties using Mie theory.
Figure 5 presents the predicted emission in 12CO
J = 2 − 1 of our theoretical models for four different
planet masses. A 2 Mjup planet appears to reproduce a
deformation of the 12CO isovelocity curve that is consis-
tent with the observations. At 1 Mjup, the planet only
produces a small deformation that is barely visible in
the channel maps, while a more massive planet triggers
a strong spiral arm that would have been detected in
channel maps at least up to 0.5 km s−1 from the nominal
velocity of 1 km s−1. The twisted emission in the channel
maps is a direct consequence of deviation from Keplerian
velocity generated by the planet along the wake of the
spiral arms (Fig. 4, right panel). Perez et al. (2015) also
predicted that the circumplanetary disc can be detected
as a compact emission separated in velocity from the
circumstellar disc emission. The circumplanetary disc
radius is about one-third of the Hill radius (e.g. Ayliffe
& Bate 2009). A 2–5 Jupiter mass planet would produce
a circumplanetary disc with a diameter smaller than 6–
8 au, respectively. At the current spatial resolution of
the ALMA observations, its flux will be diluted in the
beam (≈ 20 au).
Note that for the adopted disc parameters, the planet
migrates by about 30 au during the simulation, and the
synthetic maps display the velocity deviation slightly
closer to the star than in the data. At this rate, the
planet would reach the star in about 1 Myr (though we
overestimate the migration rate by a factor of 2–3 due to
the relatively large sink particle radius that we adopted;
see Ayliffe & Bate 2010). If the detection is confirmed,
the survival of such an embedded planet could put addi-
tional constraints on the disc surface density profile and
viscosity.
Grady et al. (2000) detected a gap in the scattered
light images with HST/STIS at 260 au, and estimated
the mass of a potential planet to be 0.4 Mjup (based on
some simple analytical derivation). Isella et al. (2016)
also detected a small dip in the integrated CO bright-
ness profile at ≈ 2.2” (see their Figure 1, or Figure 5
in Liu et al. 2018). In our model, the gap appears in
scattered light for a planet mass larger than 2 Mjup, but
remains undetected in the synthetic CO maps. The final
profile of a planetary gap establishes itself on a viscous
timescale however (thousands of orbits with a viscosity
of 10−3), however, and the gap width and depth in our
models are only lower limits.
The effect of the planet appears fainter in the 13CO
channels maps than in the 12CO maps, even if the planet
is located in the midplane. This is due to optical depth
and vertical temperature gradient effects: the 12CO is
coming from a vertically narrow and warm layer above
the midplane, while the 13CO is originating from a
deeper, thicker layer, where the disc is almost vertically
isothermal, resulting in a uniform emissivity that washes
out some of the kinematics signal.
Are we seeing the signature of an embedded planet?
Can we exclude wishful thinking? The strongest evi-
dence is that the perturbation to the disc kinematics
is highly localised in both space and velocity. This ex-
cludes any mechanism that merely produces axisymmet-
ric rings in discs. This excludes, for example, ice lines
(Zhang et al. 2015), self-induced dust traps (Gonzalez
et al. 2015), instabilities (Takahashi & Inutsuka 2014;
Lore´n-Aguilar & Bate 2015) and zonal flows (Flock et al.
2015). A spiral wave could in principle result from the
disc self-gravity, but multiple, large-scale spirals would
be expected in that case (e.g. Dipierro et al. 2015) which
the localized deviation seen in HD 163296 would seem
to exclude.
The localised nature of the kinematic perturbation,
that it occurs close to the gap found by Grady et al.
(2000), and the similarity to the signatures predicted
by our hydrodynamic models is a strong evidence for a
young protoplanet in a gas-rich disc. However, confir-
mation with direct imaging is the only way to be sure.
The relatively large planet mass and its known loca-
tion in the disc means direct imaging follow-up might
be able to detect it, depending on how embedded it is in
disc. So far, no point source has so far been detected at
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Figure 4. Left panel: surface density in 3D hydrodynamics simulations of the HD 163296 disc, shown after 35 orbits of a 2 Mjup
planet and viewed at a face-on inclination. Dots mark the star and planet. Right panel: deviation of the azimuthal velocity
from Keplerian velocity.
the location of the potential planet with near-IR adap-
tive optics systems. A 2 MJup planet is consistent with
the upper limits (for an unobscured planet) obtained by
adaptive optics systems, such as SPHERE (Muro-Arena
et al. 2018) and Keck L’ (Guidi et al. 2018). Using the
formalism developed in Pinte et al. (2018), we find that
the velocity kink is located at a distance of ≈ 260 au, and
an elevation above the midplane of ≈ 70 au. Assuming
that the potential planet is located in the midplane, it
would be at a projected distance of 2.3±0.2” and PA
= -3±5◦ from the star, where we estimated the uncer-
tainties by locating the velocity deviation with half of
a beam accuracy. If the planet orbit is slightly inclined
compared to the disc’s plane, the position on the sky
will be shifted along a line going from the northeast to
the southwest directions.
Can massive planets form at a distance of 250 au from
the star? The location of giant planets in the outer
regions of discs would be broadly consistent with gravi-
tational instability. On the other hand, the timescale
for core accretion may also be reasonable given that
HD 163296 is a relatively old disc (≈ 5 Myr). The planet
may also have undergone outward migration, depending
upon the initial profile of the disc. It is beyond the scope
of this Letter to speculate further.
5. SUMMARY
We detected a 15% deviation from Keplerian flow
around the star in the disc around HD 163296. The
deviation was detected in both Band 6 and Band 7 in
two different transitions of 12CO and matches the kine-
matic signature predicted for an embedded protoplanet.
Comparing the observations to a series of 3D hydrody-
namic and radiative transfer models of embedded plan-
ets suggests that the kinematic feature is caused by a
planet of of ≈ 2 MJup in the midplane. Such a planet
would be located at a distance of ≈ 260 au.
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Figure 5. Comparison of 12CO J=2–1 ALMA observations (top row) with synthetic channel maps from our 3D hydrodynamics
calculations with embedded planets of 1, 2, 3 and 5 MJup (from top to bottom). Channel width is 0.1km s
−1. Synthetic maps
were convolved to a Gaussian beam to match the spatial resolution of the observations .
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